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Abstract—Electrostatic comb-drive microactuators were fabri-
cated by electron beam lithography on a 260-nm-thick silicon layer
of a silicon-on-insulator wafer. The actuators consisted of comb
electrodes, springs, and a frame. Two kinds of microactuators
with doubly clamped and double-folded springs were designed and
fabricated. The comb electrode was as small as 2.5 µm wide
and 8 µm long and was composed of 250-nm-wide, 260-nm-thick,
and 2-µm-long fingers. The air gap between the fingers was
350 nm. The spring was 250 nm wide, 260 nm thick, and 17.5 µm
long, and the spring constant was 0.11 N/m. The force and dis-
placement generated by the microactuator were 2.3× 10−7 N
and 1.0 µm, respectively. Applying an ac voltage, the oscillation
amplitude became maximum at a frequency of 132 kHz. The me-
chanical and electrical characteristics of the fabricated actuators
were investigated quantitatively.
Index Terms—Actuators, microelectromechanical devices,
micromachining.
I. INTRODUCTION
M ICROACTUATORS are key components in micro-electromechanical systems (MEMS). In optics, the mir-
ror displacement equal to a wavelength can generate 4π phase
shift of lightwave, which is enough to compensate an interfero-
metric phase [1], [2]. A small gap change in a micromachined
capacitor generates a wide-range tuning of capacitance at radio
frequency [3]. Microactuators are also used in the manipulation
of micro-objects such as cells and biological materials [4], [5].
Those tuning and manipulation techniques using microactua-
tors cannot always be replaced by other methods. Therefore, not
only in scientific research but also in industry, microactuators
are indispensable. The technology of steering lightwave by
microactuators has already been used in optical projection
displays [6] and optical switches [7].
Among the microactuators proposed in MEMS research,
those using electrostatic force between the facing electrodes
are the most commonly adopted because of their high en-
ergy density and monolithic fabrication based on silicon mi-
cromachining. In particular, comb-drive actuators have been
investigated intensively for a long time. Sophisticated comb
structures were fabricated in order to extend the motion range
[8], [9] to decrease the actuation voltage [10] and to improve
against the instability by pull-in motion [11]. Special atten-
tion was also paid to decreasing the driving voltage using
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submicrometer gap comb-drive microactuators [12]. A high-
aspect-ratio comb fabricated on a silicon-on-insulator (SOI)
wafer increased the electrostatic force of comb-drive actuator
with extended travel range [13]. High-aspect-ratio structure
was also studied for polysilicon MEMS [14]. In addition to
the aforementioned improvements in device structures, thermal
issues in MEMS actuators and microscale systems were also
widely discussed [15]. However, most of the comb-drive actua-
tors reported previously consisted of several-micrometers-wide
comb fingers, and the total actuator areas were in the range
from 0.1 to 1 mm2. In recent years, in parallel to the progress
of micro/nanofabrication, nanoelectromechanical systems have
attracted increasing attention. Nevertheless, there have been
few reports on the electrostatic comb-drive actuators having
submicrometer structures [16].
In this paper, the electrostatic comb-drive actuators with the
dimensions smaller by two orders of magnitude in area than the
conventional comb-drive actuators are designed and fabricated
by electron beam lithography. The proposed actuators consist of
comb electrodes, springs, and a frame, which are fabricated on
a 260-nm-thick single crystalline silicon layer. The character-
istics of the fabricated devices are investigated quantitatively.
Extremely small electrostatic comb actuators proposed in this
paper can be useful for such MEMS applications as the silicon
photonic crystal devices with variable mechanisms [17], silicon
nanowire waveguide devices [18], nanoscale positioning sys-
tems [19], etc.
II. DESIGN, FABRICATION, AND EXPERIMENTAL SETUP
Fig. 1(a) shows an electrostatic comb-drive actuator (type-1)
combined with the doubly clamped springs. The comb elec-
trode consists of 29 finger pairs. Each finger is 200 nm wide,
260 nm thick, and 1.5 μm long. Air gap between each finger
pair is 200 nm. The comb area is 2.85 μm wide and 23.4 μm
long. Each of the spring elements is a simple straight silicon bar
with a width of 200 nm, a thickness of 260 nm, and a length of
12.15 μm.
The second type of the electrostatic comb-drive actuator
(type-2) is shown in Fig. 1(b). Each comb finger is 250 nm
wide, 260 nm thick, and 2 μm long. Air gap between each finger
pair is 350 nm. The comb area is 2.5 μm wide and 8 μm long.
The spring structure of type-2 actuator is different from that of
type-1. Instead of the doubly clamped springs, double-folded
springs are utilized. Each of the spring elements is a straight
silicon bar with a width of 250 nm, a thickness of 260 nm, and
a length of 17.5 μm, which corresponds to a spring constant of
0.11 N/m. The equivalent shape of the double-folded spring is
0278-0046/$25.00 © 2009 IEEE
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Fig. 1. Design schematics of the electrostatic comb actuators. (a) Type-1
actuator (whole area is 15× 30 µm). (b) Type-2 actuator (25× 60 µm).
similar to a one-end fixed cantilever. The other end of the spring
(the middle point of the double-folded spring) is rotation fixed
and translation free.
From the electrostatic model of the comb structure, force
generated by comb actuators is given in [9]. On the other hand,
the spring constant of a straight silicon bar with one fixed end,
and the other end that is rotation fixed and translation free, is
given by the following, assuming a small deformation:
k =
Ehb3
L3
(1)
where E is the young modulus of silicon. The symbols h, b,
and L are the spring thickness equal to that of top silicon layer,
width of the spring in the bending plane, and length of the
spring, respectively. In the case of type-1 actuator, since the
movable part is supported by the four springs, the total spring
constant k1 is four times larger than the value of (1). For type-2
actuator, the total spring constant k2 is twice larger than the
value of (1). Using the design sizes of the structures and
E = 1.5× 1011 N/m2, k1 and k2 are calculated to be 0.70 and
0.23 N/m, respectively. In the case of the type-1 actuator spring,
the linearity assumption fails after a certain displacement.
The relation between the generated force (or the applied
voltage) and the displacement x can be obtained from the
balance between the electrostatic force generated by the combs
and the reaction force by the spring. The balance equation can
be expressed as
k1,2x = ε0hN
(
1
g
+
w
(D0 − x)2
)
V 2. (2)
Here, the symbol ε0 is the permittivity of vacuum, N is the
number of comb fingers, and V is the applied voltage. The
symbols h, g, w, and D0 denote the thickness of comb equal to
that of the top silicon layer, gap between the fingers, width of
each finger, and initial distance between top and the bottom of
the facing combs, respectively. The theoretical relation between
the displacement and the applied voltage is obtained from (2).
Scaling law [20] states that the displacement of the actuator
increases linearly at the same voltage if the size of the actuator
decreases in all dimensions with the same ratio. The response
time of the actuator, which is the time needed for settling the
motion after a step voltage is applied, shortens linearly with the
decrease in size.
In the fabrication of the designed actuators, electron beam
lithography was utilized. An SOI wafer with a 260-nm-thick
top silicon layer and a 2.0-μm SiO2 layer was used. The top
silicon layer was used for the actuators, and the SiO2 layer
was etched sacrificially to release the actuator. After cleaning,
the wafer was coated with a 350-nm-thick positive polymer
resist (ZEON Co., Ltd., ZEP-520A). The spin-coated resist was
exposed to electron beam at a dose of around 80 μC/cm2. The
optimum dose for the pattern generation was dependent on the
smallest feature width. For example, the optimum dose for a
comb pattern was different from the one for a contact electrode
pattern. The doses for the respective parts of the microactuators
were adjusted to obtain their optimum conditions. After the
development of the resist, top silicon layer was etched by fast
atom beam, which was generated by the neutralization of the
ions extracted from a dc SF6 plasma (Ebara Company, Ltd.,
FAB-60ML). The etching ratio between the polymer resist and
silicon layer was 0.73 at an etching rate of 16 nm/min. Finally,
the hydrofluoric acid vapor generated by heating hydrofluoric
acid solution was used to etch the SiO2 layer underneath the
etched top silicon layer [21]. The movable part suspended by
narrow silicon springs was easily stuck by capillary forces if
the sacrificial SiO2 layer was removed by the hydrofluoric acid
solution. Due to the hydrofluoric acid vapor, the fine movable
part can be released without the stiction problem.
The displacement of the actuator is measured from the mi-
crograph obtained in the scanning electron microscope (SEM).
Since the size of the movable part of the device is small, it is
difficult to observe clearly by conventional optical microscopy.
In the case of out-of-plane displacement, optical interferometric
probe is a powerful tool. On the contrary, in the case of in-
plane motion, a high resolution imaging system is needed. SEM
has a high lateral resolution. However, since SEM images are
obtained by raster scanning, the time for image acquisition is
long. The displacement of the actuator under dc operation was
obtained after magnification calibration. On the other hand, in
the case of oscillation at the frequencies higher than the raster
scan frequency, a time-averaged SEM image is obtained. The
SEM system utilized in this paper for displacement and vibra-
tion amplitude measurement is shown in Fig. 2. High voltages
can be applied from the outside of SEM chamber to the device
in vacuum. If an edge part of the sample oscillating at a fre-
quency much higher than the raster scan frequency is imaged,
a time-averaged image of the edge is obtained. From the width
of the edge image, the oscillation amplitude can be measured.
Thus, the phase information of the oscillation gets lost.
III. RESULTS AND DISCUSSION
Fig. 3(a) and (b) shows the scanning electron micrographs
of the fabricated actuators of type-1 and type-2, respectively,
which were obtained under the conditions that the actuation
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Fig. 2. SEM measurement system for displacement and oscillation amplitude.
Fig. 3. Scanning electron micrographs. (a) Type-1 actuator at an applied
voltage of 65 V. (b) Type-2 actuator at 22 V.
voltages of 65 V (around 540-nm displacement) and 22 V
(around 1-μm displacement) were applied to the comb elec-
trodes, respectively. As shown in Fig. 3(a) and (b), the comb-
drive actuators with the submicrometer combs were fabricated
properly. The comb fingers are 185 ± 20 nm wide in Fig. 3(a)
and 315 ± 30 nm wide in Fig. 3(b), evaluated from the SEM
images. The long narrow springs with the widths of 190 nm for
type-1 and 310 nm for type-2 were properly fabricated as well.
After etching the sacrificial layer by hydrofluoric acid,
released structures were examined under an optical surface
profiler. The movable comb and the springs of the type-1
actuator were sometimes lifted or shifted laterally by thermal
stress released in the top silicon layer. The magnitude and
direction of the bonding stress in SOI wafers are dependent
on the fabrication process [22]. The stress was compressible
in our wafer before sacrificial layer etching. In the case of
type-1 actuator, the movable part was suspended by the four
springs. The etched structure was lifted by the release of the
thermal stress. After the release, the top silicon layer had very
little stress if the structure was freely supported. However, a
bending moment was generated around the fixed position of
the beam, as discussed in [23]. Therefore, the top silicon layer
Fig. 4. Surface profile of the fabricated actuator (type-2) measured as a
function of position.
was lifted vertically away from the substrate, which caused
a height difference between the movable part and the fixed
parts. The deflected structure caused a deviation in actuation
characteristics with respect to the theoretical design.
In order to prevent the influence of the stress release, the
type-2 actuator was designed and fabricated. In the type-2
actuator, springs were connected to make a U-shaped spring.
Therefore, both ends of the springs were fixed to a side of the
silicon substrate. Therefore, unlike type-1 actuator, the movable
part was not lifted. The surface of the fabricated type-2 actuator
was scanned with a laser beam of optical surface profiler to
obtain the height distribution along a scan line. An example of
the scanning results is shown in Fig. 4. The maximum height
difference is smaller than 50 nm, as shown in Fig. 4. In the case
of type-1 actuator, the height difference was sometimes larger
than 700 nm for the structure mechanically equivalent to type-2
actuator.
The mechanical characteristics of the fabricated actuators
were investigated. The displacement of the actuators was mea-
sured as a function of the applied voltage. Fig. 5(a) and (b)
shows the displacements of type-1 and type-2 actuators, respec-
tively, as a function of the applied voltage. In the case of type-1
actuator, the displacement increases gradually with the increase
of the voltage. The displacement of 460 nm is obtained at a
voltage of 45 V, as shown in Fig. 5(a). The calculated displace-
ment is also shown in Fig. 5(a), which can explain roughly the
experimental values at lower voltages. Theoretical calculations
were carried out using actuator design values. At large voltage,
the experimental value of the displacement is smaller than
the calculated value, which is considered to be caused by the
levitation described in the surface profile measurements. The
levitation decreases the generated electrostatic force since
the overlapping area becomes smaller than the design value.
In the case of type-2 actuator, measured displacement also
increases quadratically as a function of the applied voltage, as
shown in Fig. 5(b). At a voltage of 22 V, a displacement of 1 μm
is obtained. The relative variation and the absolute value of the
displacement are well explained by the theoretical calculations.
Many continuous systems, such as doubly clamped beams,
have cubic nonlinearities arising from midplane stretching.
Dynamic macromodels for electrically actuated MEMS devices
were studied and were successful for explaining the effects of
nonlinearities on the system behavior [24]. According to the
linear theory, resonance occurs when the driving frequency is
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Fig. 5. Calculated and measured displacements as a function of applied
voltages. (a) Type-1 actuator. (b) Type-2 actuator.
Fig. 6. Time-averaged SEM images of the vibrating actuator edge arrayed
with the excitation frequency.
close to the natural frequency. This case corresponds to primary
or main resonance. The amplitude in response to any harmonic
excitation is determined by the usual peaked resonance curve.
However, for a system with Duffing nonlinearity, the frequency
response curve of the amplitude is bent to the right- or left-
hand side, depending on the nonlinearity. Such a bend in the
frequency response curve leads to multiple equilibrium states at
several frequencies and, hence, to jump phenomena. The state
depends on the initial conditions and the time dependence of
the driving function. Jump in amplitudes occurs if the system
changes its equilibrium state from one position to another one
at the same frequency.
The oscillation amplitude of the type-2 actuator was mea-
sured in SEM. Due to the deformation, the properties of type-1
actuator were not always stable. Therefore, type-2 actuator was
investigated in detail. Fig. 6 shows the electron micrograph of
the oscillating part of the actuator, which depicts the response
Fig. 7. Oscillation amplitude measured as a function of the frequency of the
applied voltage for the type-2 actuator.
to the driving frequencies. The figure is a composite of bands
of images of the same section of the device under various fre-
quency loading conditions. With the increase of the frequency
from 131 kHz, the oscillation amplitude increases since the
oscillating edge of the time-averaged image is expanded. The
amplitude reaches to a peak value at 132.05 kHz, and then,
the amplitude suddenly decreases, as can be seen in Fig. 6.
The vibration amplitude of the type-2 actuator is shown in
logarithmic scale in Fig. 7(a) as a function of the frequency
in the range from 1 Hz to 200 kHz at an ac voltage of 1.1 V.
The amplitude is also shown in a narrow frequency region from
128 to 135 kHz around the maximum amplitude in Fig. 7(a).
At 132.1 kHz, the maximum amplitude jumps to a lower value.
The frequency response curve of the amplitude is seen to be
bent to the right-hand side [24].
The natural frequency can be estimated theoretically from
a linearized spring-mass model. The spring constant for the
type-2 actuator is calculated from the dimensions, the elastic
constant of silicon, which is 0.23 N/m, and the mass, which is
2.3×10−13 kg. The natural frequency given by f0=(
√
k/m)/
(2π) is equal to 158 kHz, which can explain the measured value
roughly. The response time of the type-2 actuator may be eval-
uated from the inverse of the natural frequency, which is around
8 μs. Therefore, the responses of the studied microactuators are
much faster than those of the conventional ones.
IV. CONCLUSION
Electrostatic comb microactuators having an area smaller by
two orders of magnitude than the conventional microactuators
were fabricated by electron beam lithography on an SOI wafer
with a 260-nm-thick top silicon layer. Two types of microactu-
ators were designed, fabricated, and tested. Due to the thermal
stress release of the SOI wafer, a considerable distortion was
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observed in the movable part of the type-1 actuator. Although
the released part of the actuator was nearly free from the stress,
the stress of the SOI wafer generated a bending deformation
at the borders of the fixed position of the springs. In the type-2
actuator, the spring structure was modified not to be affected
by the stress release. A displacement of 1 μm was obtained at
a voltage of 22 V, and the maximum oscillation amplitude was
obtained at a frequency of 132 kHz. The obtained results were
consistent with the scaling law. By decreasing the size of the
actuators, the fabricated actuators responded much faster than
those of conventional size.
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